Background: In many organisms, germ cells are segregated from the soma through the inheritance of the specialized germ plasm, which contains mRNAs and proteins that specify germ cell fate and promote germline development. Whereas germ plasm assembly has been well characterized, mechanisms mediating germ plasm inheritance are poorly understood. In the Drosophila embryo, germ plasm is anchored to the posterior cortex, and nuclei that migrate into this region give rise to the germ cell progenitors, or pole cells. How the germ plasm interacts with these nuclei for pole cell induction and is selectively incorporated into the forming pole cells is not known. Results: Live imaging of two conserved germ plasm components, nanos mRNA and Vasa protein, revealed that germ plasm segregation is a dynamic process involving active transport of germ plasm RNA-protein complexes coordinated with nuclear migration. We show that centrosomes accompanying posterior nuclei induce release of germ plasm from the cortex and recruit these components by dynein-dependent transport on centrosome-nucleated microtubules. As nuclei divide, continued transport on astral microtubules partitions germ plasm to daughter nuclei, leading to its segregation into pole cells. Disruption of these transport events prevents incorporation of germ plasm into pole cells and impairs germ cell development. Conclusions: Our results indicate that active transport of germ plasm is essential for its inheritance and ensures the production of a discrete population of germ cell progenitors endowed with requisite factors for germline development. Transport on astral microtubules may provide a general mechanism for the segregation of cell fate determinants.
Introduction
The segregation of the germline from somatic tissues is a fundamental event in animal development. In many organisms, germline progenitor cells are specified early in embryogenesis through the inheritance of a specialized cytoplasm known as the germ plasm. The germ plasm contains RNAand protein-rich granules that are characteristic of germ cells throughout the animal kingdom and are thought to contain determinants that promote germ cell fate and suppress somatic fate [1] . The role of germ plasm in germ cell formation and function has been well demonstrated in Drosophila [2] . Here, the germ plasm is localized at the posterior of the early embryo, thereby restricting germ cell formation to the posterior pole.
The Drosophila embryo develops initially as a syncytium, in which divisions of the embryonic nuclei are not followed by cytokinesis. During nuclear division cycles 8-10, the nuclei migrate to the cortex, where they continue to divide. Shortly after reaching the cortex, nuclei that have migrated into the germ plasm initiate a budding of the plasma membrane that encapsulates them and the surrounding cytoplasm to form the pole cells, or germ cell progenitors. The remaining cortical nuclei are enclosed during cycle 14 to form the somatic cells [3] . Germ plasm is both necessary and sufficient to induce germ cells, because mutations that disrupt germ plasm assembly prevent germ cell formation, whereas ectopically localized germ plasm can induce production of germ cells at the new site [2] . How the germ plasm directs posterior nuclei to initiate pole cell formation is not known, however.
In addition to determinants of germ cell formation, the germ plasm also contains RNAs that are incorporated into pole cells where they function in germ cell development [4] . One of these, nanos (nos) mRNA, is essential for both abdominal and germline development. Although present throughout the syncytial embryo, nos is highly enriched in the germ plasm, where it is selectively translated to produce a Nos protein gradient that directs abdominal segmentation [5, 6] . nos mRNA also becomes incorporated into the germ cells and is required for their mitotic and transcriptional quiescence, survival, and migration to the gonad [4, 7] . We have previously shown that germ plasm localization of nos is essential for its accumulation and function in germ cells [8] . Similar roles for nos homologs in germline development have been demonstrated in a variety of invertebrates and vertebrates. Moreover, transcripts from the Xenopus, C. elegans, and zebrafish nos homologs have also been shown to be enriched in the germ plasm, suggesting that germ plasm association is a conserved mechanism for ensuring the passage of nos to the germ cells [7] .
Germ plasm assembly occurs during oogenesis, initiated by the kinesin-dependent localization and subsequent translation of oskar (osk) mRNA at the oocyte posterior [2, 9] . Osk is both necessary and sufficient for recruitment of additional germ plasm components such as the DEAD-box helicase Vasa (Vas) to form electron-dense organelles called polar granules, as well as for the localization of nos mRNA [2, 9] . nos accumulates at the posterior late in oogenesis through a mechanism involving diffusion within the ooplasm and entrapment by the germ plasm [10] . Fluorescence recovery after photobleaching and cytoskeletal disruption experiments have shown that nos, along with germ plasm components like Vas, becomes stably anchored to the actin cytoskeleton during oogenesis and that this actin-based anchoring mechanism maintains germ plasm localization in the newly fertilized embryo [11, 12] .
How germ plasm RNAs like nos become incorporated into germ cells remains poorly understood. Elegant cytological and ultrastructural studies performed over 40 years ago showed that polar granules cluster around posterior nuclei and appear to concentrate on mitotic microtubules during nuclear divisions [13, 14] . Perinuclear localization of germ plasm is indeed a conserved feature of most germ cells [15] . In situ hybridization experiments have detected nos and other germ plasm-localized RNAs concentrated around posterior nuclei during pole cell budding [16, 17] , but how this distribution arises and whether the apparent association of germ plasm components with nuclei is required for germ cell segregation or is a consequence thereof remain unknown. Thus far, it is not known whether the segregation of germ plasm RNAs to the germ cells occurs through passive engulfment as the cortical actin cytoskeleton is remodeled during germ cell formation [18] or whether this segregation occurs by an active process.
To elucidate the mechanism by which germ plasm components required for germ cell specification and germ cell function are sequestered away from the soma and into germ cells, we monitored the dynamics of fluorescently labeled nos mRNA and Vas protein at high resolution during early embryogenesis. Using pharmacological and genetic manipulations, we show that centrosomes associated with the posterior nuclei trigger the release of actin-anchored germ plasm components from the cortex. Detached germ plasm particles then undergo rapid microtubule and dynein-dependent transport toward proximal nuclei. Persistence of this transport during nuclear divisions prior to the completion of pole cell formation successively segregates the germ plasm to daughter nuclei and ultimately into the forming germ cells. We provide evidence that active transport is essential for germ plasm inheritance and ensures segregation of the germline fate determinants away from the somatic nuclei and into the germ cells. The finding that nos mRNA is transported actively during embryogenesis contrasts with its passive transport in the oocyte and reveals cell-type-specific contexts for mRNA localization mechanisms.
Results

Live Imaging of nos mRNA in Early Embryos
We visualized the process of germ plasm incorporation into pole cells by using 4D multiphoton microscopy to image depths in excess of 80 mm at the posterior of the embryo for several hours without detectable photobleaching or phototoxicity. In all experiments reported in this paper, nos mRNA was labeled in vivo with GFP (nos*GFP) using the transgenic MS2 tagging system that we established previously for Drosophila [10] . Tagged nos mRNA is present at levels comparable to the wild-type mRNA (data not shown) and confers wild-type nos activity. In the newly fertilized embryo, nos*GFP particles are distributed in a cap covering the posterior pole ( Figure 1A ; see also [10] ). As embryogenesis proceeds and nuclei arrive at the posterior cortex, these particles coalesce in perinuclear, ringlike structures. Subsequently, when the posterior nuclei divide and initiate pole bud formation, the rings of nos appear to divide and segregate with daughter nuclei ( Figure 1A ; see also Movie S1 available online). This striking redistribution of nos mRNA prior to pole bud formation suggests that nos and possibly other germ plasm components may become incorporated into pole cells through their association with posterior nuclei.
To determine how nos is redistributed from the cortical anchor to its perinuclear location, we performed live imaging of nos*GFP particles at high temporal and spatial resolution. During the first hour of embryogenesis and in unfertilized eggs, nos*GFP particles appear largely static or exhibit only a slight jiggling motion, as though attached to the posterior cortex ( Figure 1B ; Movie S2A). Indeed, these immobile particles resemble nos*GFP particles anchored at the posterior cortex of the oocyte [19] . The dynamics of nos particles change dramatically as embryogenesis proceeds. Imaging of embryos between 1 and 2 hr postfertilization revealed that nos particles detach from the cortex and initiate linearly directed movements, accumulating around nuclei that have migrated to the posterior (Figures 1D and 1E ; Movie S2B). Analysis of carefully staged embryos showed that nos*GFP particles become motile approximately 1.25 hr into embryogenesis and that motility persists for about 30 min, throughout the process of pole cell budding.
Individual nos*GFP particles were monitored over time (see Supplemental Experimental Procedures for details) and characterized as ''static'' if they showed no significant movement during the time sequence, ''jiggling'' if they showed only local fluctuations of one or less particle length in any direction, or ''directed'' if they displayed sustained runs of R0.5 mm in one direction. Within any 30 s time period after the onset of motility, nearly 50% of visible nos*GFP particles underwent directed runs, whereas approximately 40% jiggled and a small percentage remained static ( Figure 1G ). By contrast, in aged unfertilized eggs, where nuclear divisions, nuclear migration, and pole cell formation do not occur, nos remained tethered at the posterior cortex ( Figures 1C and 1G ). Directed movement of nos*GFP was often rapid and long range. The average velocities of individual particles ranged from 0.11 to 2.57 mm/s (mean 1.01 6 0.44 mm/s), with some runs exceeding 10 mm ( Figure 1H ). Complex behaviors including pauses, direction changes, and direction reversals were also observed. The velocities and types of movement exhibited by nos*GFP were similar to those previously reported for bcd and osk mRNAs engaged in microtubule-dependent transport during oogenesis [19, 20] .
Germ Plasm Components Transit Rapidly toward Posterior Nuclei
The lack of nos motility in aged unfertilized eggs indicates that the onset of nos motility is not dictated by an inherent timing mechanism and suggests that it is linked to the arrival of nuclei at the posterior cortex. To begin to determine whether motility is required for the accumulation of nos around nuclei, we tracked individual nos*GFP particles relative to nuclei labeled with an RFP marker (Movie S3). Particle runs were scored as ''toward'' if their vector was directed to an RFP-labeled nucleus within the same focal plane, ''away'' if a particle juxtaposed to a nucleus moved away from that nucleus, or ''other'' if particle displacement could not be correlated to the position of a nucleus. We found that nearly 65% of runs were directed toward posterior nuclei ( Figure 1I ). This directional bias is likely an underestimate, because many trajectories in the ''away'' and ''other'' categories probably represent movement toward nuclei in other focal planes.
To determine whether nuclei that migrate to the posterior are uniquely able to recruit nos, we used the osk-bcd3 0 UTR transgene [21] to generate embryos with germ plasm containing nos*GFP localized ectopically at the anterior of the embryo in addition to its normal localization at the posterior. As cortical migration of nuclei proceeded, we monitored nos*GFP alternately at the anterior and posterior poles. Both pools of nos behaved similarly, with the majority of particles transiting toward the most proximal nucleus ( Figure 1F ). However, the two domains of nos did not initiate movement simultaneously. Rather, the onset of nos motility at the anterior was delayed by several minutes. This difference in the onset of motility between anteriorly and posteriorly localized nos is consistent with the observation that nuclei arrive at the posterior cortex one division cycle earlier than they reach the rest of the cortex Figure S1 , Movie S1, Movie S2, Movie S3, and Movie S4. [3] . These results, as well as additional evidence presented below, indicate that all nuclei are competent to recruit nos mRNA at the cortex. Moreover, they strongly suggest that it is the arrival of the nuclei at the cortex that triggers the release of nos from its cortical anchor.
Cotransport of Germ Plasm Components
Previous results have shown that nos*GFP and Vas are colocalized at the posterior in newly fertilized embryos [10] . We therefore investigated whether germ plasm components like Vas and Osk are also transported toward posterior nuclei. Live imaging of early embryos expressing GFP-tagged Vas or Osk showed that these germ plasm proteins behave similarly to nos, with posteriorly anchored particles transitioning to rapid, directed movement (Movies S2C and S2D). To test whether nos retains its association with Vas throughout particle transport, we performed colocalization experiments in fixed embryos before, during, and after pole cell formation using nos*GFP and mCherry-Vas. Quantitative analysis showed that the distributions of nos and Vas were most highly correlated during the period of pole cell formation, when germ plasm particles migrate and associate with posterior nuclei ( Figure S1 ).
To determine whether the colocalization observed in static images is characteristic of comigrating particles or represents accumulations of germ plasm components after transport, we performed rapid time-lapse imaging of nos*GFP and mCherryVas simultaneously. Throughout the transport process, most motile particles contained both nos mRNA and Vas, although the relative contributions of each varied among individual ribonucleoprotein complexes (RNPs). These somewhat heterogeneous RNPs transited toward nuclei and coalesced into larger perinuclear foci (Figures 1J-1L ; Movie S4). Moreover, Vas transport occurred in embryos lacking nos mRNA (data not shown), suggesting that motility is a generalized property of germ plasm components that are partitioned into germ cells.
Centrosome-Nucleated Microtubules Mediate Germ Plasm Transport
The kinetics of germ plasm transport that we observed are similar to those reported previously for the microtubuledependent active transport of mRNAs during oogenesis (see references within [9, 22] ). To test the microtubule dependence of nos transport during pole cell formation, we microinjected the microtubule-destabilizing drug colcemid into early embryos. Because microtubules are required for nuclear migration, we selected embryos in which nuclei had already reached the posterior cortex, and injections were performed immediately after the onset of nos motility. Colcemid injection resulted in the immediate cessation of particle movement, whereas neither injection of the actin-destabilizing drugs cytochalasin D or latrunculin A nor control injections of diluent impaired nos motility (Figures 2A-2C ; Movie S5; data not shown). Thus, microtubules, but not actin filaments, are required for transport of germ plasm components.
Which microtubules provide the tracks for germ plasm transport toward nuclei? Polar granules detected cytologically appear to be concentrated around the spindle poles during pole bud divisions [13, 14] . In addition, experiments using aphidicolin to dissociate centrosomes from nuclei have shown that centrosomes alone can migrate to the cortex and initiate pole bud formation [23] . We therefore asked whether microtubules nucleated by the centrosomes could provide direct tracks for germ plasm RNP transport. As a first step, we visualized nos*GFP or GFP-Vas together with centrosomes and microtubules, immunostained with anti-centrosomin (Cnn) and anti-tubulin antibodies, at various points throughout pole cell formation. In addition, we performed high-resolution time-lapse imaging of nos*GFP or GFP-Vas together with centrosomes labeled with GFP-Cnn or microtubules labeled with GFP-a-tubulin.
As interphase nuclei and their associated centrosomes approached the posterior cortex, nos*GFP and GFP-Vas began to coalesce around the most proximal centrosomes and their microtubules ( Figure 3A ; data not shown). At the posterior, germ plasm components became further enriched around the astral microtubules of interphase nuclei ( Figure 3B ). Live imaging during this period revealed nos*GFP particles transiting directly toward centrosomes and accumulating in their immediate vicinity ( Figure 2D ). As mitosis proceeded, the association of nos and Vas with astral microtubules was maintained, leading to the partitioning of both RNA and protein to daughter nuclei (Figures 3C-3E ; Figure 4A ). In cases where only one of the two centrosomes associated with a nucleus was proximal to the germ plasm, nos and Vas accumulation was limited to that pole, leading to their asymmetric segregation during the subsequent division ( Figure 3D ; Figure 4A ). By time-lapse imaging, we detected movement of nos*GFP and GFP-Vas particles along astral microtubules even after spindle formation, suggesting that continued trafficking on astral microtubules may ensure partitioning of germ plasm components to pole cells ( Figure 2E ; Movie S6; data not shown).
To further test the sufficiency of centrosomes to recruit germ plasm [23] , we used a mutation in pan gu (png), which encodes a cell-cycle kinase that promotes entry into mitosis [24] , to genetically isolate centrosomes from nuclei. In embryos from png mutant females, DNA replication is uncoupled from mitosis, resulting in formation of giant polyploid nuclei. Centrosomes continue to divide, nucleate microtubules, and migrate independently of nuclei [24] . Immunostaining of png mutant embryos with anti-tubulin and anti-Cnn antibodies confirmed the presence of free centrosomes with their associated microtubules at the cortex (Figure 4) . Moreover, centrosomes that entered the germ plasm were competent to recruit both nos*GFP and Vas and to form anucleate pole cells ( Figure 4B ; Figure S2 ). In vivo imaging of nos*GFP in png mutant embryos showed particles of nos associating with multiple small, round structures, which appeared to be isolated centrosomes (data not shown). Taken together, these results indicate that centrosome-nucleated microtubules provide tracks for the transport of germ plasm components to posterior nuclei and for the segregation of germ plasm during subsequent divisions. Moreover, in both imaging of fixed embryos and time-lapse studies, nos and Vas transport appears to occur selectively on astral microtubules, although we cannot rule out the possibility of occasional movement on spindle microtubules.
Germ Plasm Transport Is Required for Germ Cell Formation and Function
We examined the effect of disrupting germ plasm transport by taking advantage of mutations in centrosome components including Cnn, Aurora A kinase (AurA), and Drosophila transforming acidic coiled-coil protein (D-TACC). These factors interact with each other through defined pathways to regulate centrosome maturation as well as overall microtubule length and stability [25] . In many of the embryos from cnn, aurA, and d-tacc mutant females, mitotic defects prevented the cortical migration of nuclei, and nuclear distribution was compromised. However, in each case, approximately 50%-60% of the mutant embryos completed nuclear migration, and in these embryos, nos transport was generally inefficient. Particles of nos*GFP appeared less motile and often failed to associate with posterior nuclei (Figures 5A and 5B) . In some embryos, nos transport initiated properly but subsequently arrested, resulting in a pool of nos that was never incorporated into pole cells as well as in defective pole cell formation ( Figure 5C ).
Whereas germ plasm is properly localized at the posterior initially, impaired transport to posterior nuclei in cnn, aurA, and d-tacc mutant embryos was accompanied by a marked reduction in pole cell number as compared to wild-type ( Figures 5D-5F ). Moreover, pole cells that did form often had greatly reduced germ plasm ( Figure 5E ). The inefficient incorporation of germ plasm into pole cells may therefore decrease the concentration of factors required for normal germ cell development. Indeed, migrating germ cells that were positive for the mitotic marker phosphohistone H3 were detected at low frequency in mutant embryos, indicating that the mitotic quiescence characteristic of wild-type germ cells was not maintained ( Figure 5G ). Together, these results provide evidence that normal centrosome organization and microtubule integrity are necessary not only for germ plasm recruitment and incorporation into pole cells but also for germ cell specification.
Dynein Dependence of nos Transport
The rapid transit of germ plasm RNPs suggests that molecular motors are required for their transport. Moreover, use of centrosome-nucleated microtubules predicts that germ plasm transport should be mediated by a minus-end-directed motor. We therefore tested a requirement for the dynein motor complex, which has previously been implicated in transport of a number of mRNAs within the Drosophila oocyte [9] . We made use of hypomorphic mutations in the ATPase motor domain of dynein heavy chain, Dhc 64C, which impair dynein function but permit oogenesis and production of fertilized eggs [26] . Microtubule organization was not entirely wild-type in embryos from Dhc mutant females, but the overall structure of the mitotic spindle with its astral microtubules was intact ( Figures 6A-6C ). Dhc mutant embryos also exhibited some nuclear migration defects, leading us to limit the analysis of nos particle movement to embryos with nuclei near the posterior cortex. Although we did observe embryo-to-embryo variability likely due to the hypomorphic nature of the alleles, all Dhc 2 allelic combinations examined showed a decrease in the fraction of nos*GFP or GFP-Vas particles undergoing directed movement ( Figure 6D ; Figure S3 ; Movie S7A; data not shown). Of the motile nos*GFP particles, single-particle analysis indicated that the average velocity was modestly, but significantly, reduced in Dhc 2 mutant embryos relative to wild-type embryos. In addition, these slower particles traveled shorter distances (Figures 6E and 6F ; Figures  S3A-S3E) . Thus, when combined with the decreased number of particles engaged in directed movement, this effect of Dhc mutation resulted in less nos associating with nuclei and a significant reduction in the amount of nos incorporated into pole cells (Movie S7A). Like centrosomal protein mutants, Dhc mutants formed fewer pole cells and exhibited germ cell specification defects (Figures 5E-5G ). Dynein dependence was further supported by the cessation of GFP-Vas motility after acute inhibition of dynein function by heat-shockinduced overexpression of p50/dynamitin ( Figure S3F) .
A direct requirement for dynein in germ plasm transport predicts that germ plasm components should be physically associated with the dynein motor complex. We therefore immunoprecipitated dynein complexes from embryos 1-2 hr postfertilization using monoclonal antibodies for Dhc or the cargo-binding subunit, dynein intermediate chain (Dic), and analyzed the immunoprecipitates for germ plasm components. Both nos mRNA and Vas protein were immunoprecipitated by anti-Dhc and anti-Dic antibodies, but not by a control antibody ( Figure 6G ; Figures S3G and S3H ). This biochemical evidence, together with the effects of disrupting dynein function on germ plasm motility and pole cell formation, strongly implicates a direct role for dynein in the transport of germ plasm for its inheritance by pole cells.
Kinesin Is Required for Posteriorly Localized Germ Plasm
Assembly, but Not for Transport of Germ Plasm to Nuclei In many contexts, cargoes interact with both minus-and plus-end-directed motors, sometimes simultaneously [27, 28] . To determine whether kinesin, in addition to dynein, plays a role in germ plasm transport, we analyzed the distribution and motility of germ plasm using GFP-Vas in embryos from Kinesin heavy chain (Khc) null germline clones. Posterior localization of osk during oogenesis is kinesin dependent, and osk localizes indiscriminately around the oocyte cortex in Khc mutant ovaries. Moreover, Osk and Vas proteins also accumulate ectopically, suggesting that germ plasm assembly occurs around the entire cortex in these oocytes [29] . Whether the ectopic germ plasm persists to embryogenesis had not been determined. Examination of Khc mutant embryos showed that prior to nuclear migration, particles of GFP-Vas were dispersed over the cortex of the entire embryo ( Figure 6H) . Later, these particles accumulated indiscriminately around nuclei that had migrated to the cortex, resulting in the association of Vas with numerous nuclei far from the posterior pole ( Figure 6H) . Quantification of the frequency of movement, velocity, and run lengths of individual GFP-Vas particles showed that transport toward cortical nuclei was largely unaffected by the loss of kinesin ( Figure 6I; Figures S3I and S3J ; Movie S7B). The dispensability of kinesin for transport of germ plasm properly assembled at the posterior pole was confirmed by microinjection of an immunoblocking antibody previously shown to impair Khc function ( Figure S3K ). Together, these results demonstrate that dynein, but not kinesin, is required for germ plasm transport within the embryo. Moreover, they provide further evidence that germ plasm transport is dictated by the most proximate nuclei and their associated microtubules.
Discussion
Production of functional germ cells is essential to species survival. In a wide variety of animals, a small population of ) embryos, immunostained for Vas (green) and the mitotic marker phosphohistone H3 Ser10 (red). Mitotically active germ cells (asterisks) were not detected in wildtype embryos (n = 37) but were found in cnn 2 (n = 3 of 25) and Dhc 2 (n = 3 of 30) embryos. Similar results were obtained with d-tacc mutant embryos (n = 2 of 28), although these embryos were more difficult to stage because of developmental defects (data not shown). aurA mutant embryos could not be properly analyzed because of severe earlier developmental defects. Scale bars represent 2.5 mm in (B) and 10 mm in (C), (D), and (G).
germ cell precursors becomes distinct from the somatic tissue through the inheritance of a specialized, maternally provided germ plasm. Little is known, however, about the mechanisms that ensure the transmission of germ plasm mRNAs and proteins to germ cells. We have uncovered a dynamic mechanism for germ plasm inheritance involving release of germ plasm RNPs from the posterior cortical actin anchor coordinated with their dynein-dependent transport to centrosomes that are associated with posterior nuclei. Transport of these RNPs occurs primarily, if not exclusively, on astral microtubules throughout the mitotic cycle. Our results suggest that directed transport of germ plasm components during pole bud formation ensures the production of a discrete population of germ cell progenitors and partitions factors required for germline development during subsequent divisions. Through this process, germline fate determinants are segregated away from somatic nuclei. Pole cell formation is highly sensitive to the dosage of germ plasm components, because mutations that reduce the accumulation of germ plasm at the posterior pole result in fewer particles from 4 embryos). Scale bars represent 10 mm in (A)-(C), 20 mm in main panel of (H), and 10 mm in inset of (H). See also Figure S3 and Movie S7.
pole cells [21, 30] . We found that pole cell formation is similarly reduced when germ plasm transport is disrupted, as it is in Dhc mutants or in mutants that affect centrosome function. Although the molecular mechanism by which germ plasm promotes pole cell formation is unknown, our results suggest that directed transport of germ plasm components toward the small subset of nuclei that are the first to arrive at the posterior pole provides the requisite concentration of one or more factors necessary to impart germline fate and induce pole cell formation. In addition, because the first divisions of the nascent pole cells occur before budding is complete, the persistence of germ plasm transport toward centrosomes during these divisions would ensure that factors required for germline development, such as nos, are maintained within pole buds, segregated to daughter nuclei, and ultimately incorporated into the forming germ cells. Germ plasm produced ectopically in osk-bcd3 0 UTR and Khc mutant embryos is transported to nearby nuclei, indicating that nuclei are not predetermined to recruit germ plasm. Thus, the release of germ plasm from its actin-based anchor and the onset of germ plasm motility must be tightly coordinated with the arrival of nuclei at the posterior cortex to target germ plasm specifically to these nuclei and prevent the misspecification of cell fate. Egg activation triggers the release of bcd mRNA from the anterior cortex, probably through a generalized activation-dependent restructuring of the cortical actin cytoskeleton [19] . This event does not release nos and Vas, however. Nor is germ plasm release scheduled by an intrinsic timing mechanism, as we have shown here. Consistent with our observation that nos release is delayed at the anterior in osk-bcd3 0 UTR embryos, formation of ectopic germ cells at the anterior lags behind pole cell formation at the posterior in these animals. Moreover, centrosomes isolated from nuclei, either pharmacologically [23] or genetically (this study), are sufficient to trigger germ plasm release from the posterior. Our data thus support a model whereby centrosomes and/or centrosome-nucleated microtubules associated with migrating nuclei trigger germ plasm release from the cortical anchor.
Astral microtubules provide the tracks along which germ plasm RNPs travel upon their initial release from the cortex. During mitosis in the syncytial embryo, astral microtubules appear to secure the partitioning of germ plasm RNPs to daughter nuclei. The preferential association with astral microtubules may also prevent the dilution of inductive signals during asymmetric division events, when only one aster is proximal to the germ plasm. The apparent specificity for astral microtubules suggests that the RNP-motor complexes may include factors that recognize particular microtubule-associated proteins or modifications that distinguish these microtubules as preferred tracks [31] .
The observed dynein-dependent transport of nos during pole cell formation contrasts with its diffusion-based mode of localization during oogenesis [10] . Given that dynein-dependent transport of bcd mRNA to the oocyte anterior is ongoing during late oogenesis [12] , it is essential that nos be excluded from interaction with the dynein transport machinery. nos may reside in a dynein-associated transport complex that is inactive or incompatible with the various oocyte microtubule subpopulations [22] . Alternatively, the composition of the nos RNP in the oocyte may simply preclude its association with the dynein motor complex. The observed cotransport of nos and Vas in the embryo suggests that nos becomes linked to dynein through its packaging into a complex with Vas and other germ plasm components. Whether germ plasm RNPs are coupled to dynein motors while they are anchored at the posterior or only after their release remains a subject for future investigation. A similar switch between motor-independent and motor-dependent modes of germ plasm mRNA translocation may occur in Xenopus, although the role of motors in Xenopus germ plasm inheritance is not yet clear [32] [33] [34] .
Recent in situ hybridization studies have now identified over 50 mRNAs that are localized at the posterior of the Drosophila embryo and incorporated into pole cells [35, 36] . Further characterization of a subset of these mRNAs showed that they accumulate near posterior nuclei, suggesting that they may be transported similarly to nos. Determining whether the different transcripts are cotransported will require the development of methods to simultaneously visualize multiple RNAs and germ plasm proteins. However, packaging of even subsets of RNAs together into germ plasm RNPs competent for dynein-mediated transport would greatly simplify the problem of partitioning a complex pool of transcripts to pole cells.
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